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Available online 27 May 2016Natural antisense transcripts (NATs) can interfere with the expression of complementary sense transcripts with
exquisite speciﬁcity. We have previously cloned NATs of Slc34a loci (encoding Na-phosphate transporters) from
ﬁsh and mouse. Here we report the cloning of a human SLC34A1-related NAT that represents an alternatively
spliced PFN3 transcript (Proﬁlin3). The transcript is predominantly expressed in testis. Phylogenetic comparison
suggests two distinct mechanisms producing Slc34a-related NATs: Alternative splicing of a transcript from a pro-
tein coding downstream gene (Pfn3, human/mouse) and transcription from the bi-directional promoter (Rbpja,
zebraﬁsh). Expression analysis suggested independent regulation of the complementary Slc34amRNAs. Analysis
of randomly selected bi-directionally transcribed human/mouse loci revealed limited phylogenetic conservation
and independent regulation of NATs. Theywere reduced on X chromosomes and clustered in regions that escape
inactivation. Locus structure and expression pattern suggest a NATs-associated regulatory mechanisms in testis
unrelated to the physiological role of the sense transcript encoded protein.
© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
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Mouse1. Introduction
Natural antisense transcripts (NATs) are long regulatory RNAs that
are transcribed in the opposite direction of protein-coding transcripts
and display extended sequence complementarity [1]. A regulatory cas-
cade can unfold in cis at the bi-directionally transcribed locus or in
trans via base-paring of the processed, complementary sense/antisense
transcripts. Various regulatory mechanisms involving natural antisense
transcripts have been identiﬁed, remarkably in genes that, apart from
being bi-directionally transcribed, have not much in common. The ge-
nome-wide scale of antisense transcription became ﬁrst apparent in
large scale cDNA sequencing projects and bioinformatics approaches
[2–4]. It is now recognized that a signiﬁcant proportion of mammalian
genes are transcribed in both directions; the estimates for a particular
species depend crucially on sequencing depth and annotation quality
of the relevant genomes and transcriptomes [5]. For both human and
mouse there is evidence that 50% or more of all genomic loci are bi-
directionally transcribed [2].
Bi-directional transcription is found in the genomes of most organ-
isms, however, species speciﬁc regulatory strategies have evolved. In
prokaryotes antisense transcripts act post-transcriptionally and inter-
fere with secondary structures of complementary RNAs. These interac-
tions ‘melt’ either inhibitory or stimulatory complexes leading to
enhanced or repressed gene expression. An additionalwell documentedwith the DDBJ/EMBL/GenBank
).
. This is an open access article underregulatorymechanism involves so-called ‘kissing complexes’with short
RNA-RNA interactions [6].Many bacterial NATs have been characterized
in detail and are extensively reviewed [7].
In eukaryotes sense-antisense interactions involve extended RNA-
RNA complementarity. The potential formation of double-stranded
RNA (dsRNA) resembles viral structures and poses a deadly threat to
the cell [8]. Therefore, co-expression of sense-and antisense transcripts
may trigger a defensive response rather than a regulatory cascade. Spe-
ciﬁc strategies have evolved to mitigate this dilemma: Plants, for exam-
ple have entered a veritable arms race with viruses involving
components of the RNA interference pathway [9]. In addition, endoge-
nous siRNAs originating from sense-antisense duplexes are abundant
and readily detectable in plant transcriptome sequencing projects. Ver-
tebrates, on the other hand, ﬁght viral structures using a dsRNA-speciﬁc
kinase that elicits an immune response [10]. Moreover, dsRNA is an es-
sential intermediate in genome defence strategies against transposable
elements. Both pathways arewell described [11]. In contrast, the biolog-
ical relevance of dsRNA formed between sense-and antisense tran-
scripts in vertebrates is still poorly understood and only few examples
have been studied in detail [12–14].
NATs in animals show development and tissue speciﬁc regulation
with signiﬁcant enrichment in testis and brain [15,16]. Several lines of
evidence conﬁrm a co-expression of sense and antisense transcripts,
though the NAT is generally expressed at a much lower level than the
protein coding sense RNA. Whether the complementary transcripts
form dsRNA is controversial: The evidence is either indirect or blurred
through experimental complications (see Discussion). Nonetheless, it
is plausible that sense-antisense dsRNA structures are being formed in
animal cells, likely during small developmental windows, in speciﬁcthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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nome-wide feature represents the signiﬁcant under-representation of
NATs on the mouse and human X chromosome, which may be related
to the generally mono-allelic expression of X chromosomal genes [3,4].
The Slc34a gene family encodes epithelial Na-phosphate trans-
porters that are essential inmaintaining homeostasis of inorganic phos-
phate in most animals [17]. Their expression is tightly controlled by
hormones and metabolic factors. Many Slc34a genes are transcribed in
both orientations resulting in natural antisense transcripts complemen-
tary to a few exons of the protein-coding sense transcript. The Slc34a-
related NATs characterized so far are fully processed, however, different
start sites and splicing strategies have evolved; the common denomina-
tor appears to be substantial exonic complementarity [18–20]. Here, we
report the cloning of a human SLC34A1 antisense transcript. We use the
publicly available databases to characterize the transcript and trace its
evolutionary development. Moreover, we compare these ﬁndings to
otherwell characterized sense/antisense pairs to gain insights into com-
mon patterns of gene regulation by NATs.
2. Material and methods
2.1. Molecular biology
Human testis RNA was purchased from Clontech/TaKaRa and used
for 3′RACE (rapid ampliﬁcation of cDNA ends) and RT-PCR without fur-
ther puriﬁcation. 3′RACE was performed using an oligo dT adaptor
primer and 3 nested primers that all localize to the 5′ end of the PFN3
gene. The resulting fragment (780 bp) was cloned using the pGEM®-T
vector system (Promega) and positive clones were identiﬁed by colony
PCR. The sequence of the insert was determined by Sanger sequencing
(Genevision, Newcastle, UK).
HEK293 cells were a kind gift from Dr. Nicolas Watkins (Newcas-
tle University) and grown according to standard protocols. Total RNA
was extracted using Trizol (Invitrogen) and treated with DNaseI
(Thermo Scientiﬁc). Approximately 0.5 μg of total RNA was used for
reverse transcription using the Omniscript kit (Qiagen). RNA and
random hexamers (2.5 μM) were denatured for 3 min at 70 °C and
cooled to 37 °C. Polymerase, dNTPs, buffer and RNase inhibitor
were added as detailed by the supplier. The ﬁnal reaction was dena-
tured for 2 min at 95 °C and stored at −20 °C. Gene speciﬁc
PrimeTime® qPCR primers and probes (Integrated DNA Technolo-
gies) were used to amplify a speciﬁc product from 0.5 μl of the RT re-
action. 1× Lightcycler 480 Probes Master mix (Roche) and with the
cycling protocol: initial denaturation (95 °C for 10 min), 45 cycles
of 95 °C for 5 s, 55 °C for 20 s and 72 °C for 1 s when ﬂuorescence
was determined. The sequence of all primers and probes are given
as supplementary material (Supplementary Table 1).
2.2. Bioinformatics
For the phylogenetic analysis of human and mouse bi-directionally
transcribed genes the Ensmbl genome browser was used with the
Ensembl-Havana human GENCODE gene set (release 24) and mouse
(release 83). The loci were selected by manually picking random areas
(10 on each autosome) and selecting the closest pair of complementary
transcripts. Protein coding and processed transcripts were included,
pseudogenes and RNA genes excluded. Transcripts were deemed to be
complementary when 20 nucleotides or more were in common, with
the assumption that RNA duplexes of N20 bp are likely to be stable
under physiological conditions and biologically active. The loci were vi-
sually categorized with respect to overlap pattern (5′, 3′ or mid, Fig. 3).
The EBI gene expression atlas was used to determine level and expres-
sion pattern of the individual transcripts (http://www.ebi.ac.uk/gxa/
home). Peak expression as given by the expression atlas was used for
the comparative analysis. (This choice was prior validated for 16
human and 8 mouse genes by normalizing individual data sets to thehighest value (100%); the averaged expression levels were then used
to calculate a scaling factor for comparison between sense and antisense
expression. The expression ranking and pattern was identical for both
approaches.) The expression pattern was manually assessed and
grouped into ‘brain’, ‘testis’ and ‘others’. The two highest expressing tis-
sues were selected (only one if the second highest expressionwas b60%
of the highest value) and colour-coded in an excel table (Fig. 4, Supple-
mentary Table 2). To estimate expression patterns, a value of two was
given to transcripts expressed in a single tissue and a value of one
each if the transcriptwas found at high levels (N60% of peak expression)
in two ormore tissues. This approachwas validated using the scaled ex-
pression levels of 24 transcripts. All these data were compiled in spread
sheets and excel functions were used to compare and sort the data ac-
cording to the parameters indicated in the Results section. The names
of genes that escape X chromosome inactivation were downloaded
from Zhang et al. [21] and Berletch et al. [22].
3. Results
3.1. Cloning of the human SLC34A1 antisense transcript
To demonstrate the expression of an SLC34A1-related antisense
transcript we used total RNA from human testis; we chose this tissue
because NATs generally show highest expression levels in mammalian
testis, including the mouse homologue of the candidate gene [18]. The
fact that the mouse NAT represents an alternative splice product of a
Pfn3 transcript further informed our search strategy (Fig. 1A). All cloned
SLC34A-related NATs (from ﬂounder, zebraﬁsh and mouse [18–20]) are
relatively short and alternatively spliced. We therefore applied3′ rapid
ampliﬁcation of cDNA ends (3′RACE) in combinationwith PFN3 speciﬁc
primers to amplify fragments of the human SLC34A1NAT. Three rounds
of PCRwith one speciﬁc primer eachwere necessary to amplify a specif-
ic fragment. Sanger sequencing revealed a transcript of 780 nucleotides
containing 3 exons. The ﬁrst one represents the start of PFN3 and the
second and third one are complementary to exon 13 of SLC34A1 (Fig.
1A). A short open reading frame of 63 amino acids contains 47 N-termi-
nal residues of Proﬁlin 3 and 16 amino acids encoded by the noncoding
3′ end of the SLC34A1 transcript.
RT-qPCR, RT-PCR and publicly available expression data (http://
www.proteinatlas.org) were used to investigate the expression pat-
tern of both SLC34A1-related sense and antisense transcripts (Figs.
1B–D). Both transcripts showed a very restricted expression pattern
with the expected dominant expression of the sense transcript in
kidney, traces were found in testis but none in other tissues. The an-
tisense transcript was found in testis at a low and in kidney at a hard-
ly detectable level. Interestingly, the antisense transcript was also
expressed in HEK293 cells without detectable levels of the protein
coding sense RNA. We were unable to localize the SLC34A1 antisense
transcript on human kidney sections by in situ hybridization (not
shown).
3.2. Phylogeny of Slc34a-related antisense transcripts
Antisense transcripts have been identiﬁed and cloned from different
Slc34a isoforms.Weused the comparative genomics tools fromEnsembl
to build a phylogenetic tree of Slc34a (Fig. 2A) and to visualize the re-
gion downstream where potential antisense transcripts may originate
(Fig. 2B). The Slc34a gene family initially comprised two members in
the animal kingdom, denoted Slc34a1 and Slc34a2. Through contrac-
tions and gene duplications lineage speciﬁc genotypes have evolved.
For example, in mammals a third isoforms is expressed in kidney,
Slc34a3, and the protein shows distinct functional properties. On the
other hand, a documented gene duplication in zebraﬁsh has resulted
in two Slc34a1 and two Slc34a2 isoforms. The gene arrangements down-
stream of the Slc34a loci predict that the Slc34a-linked antisense tran-
scripts cloned and analyed to date (Slc34a1 in mammals and Slc34a2
Fig. 1. The natural antisense transcript of SLC34A1. A) Genomic arrangement of the SLC34A1 antisense transcript, representing an alternative splice form of PFN3 (in blue). B) RT-qPCR of
SLC34A1 sense and antisense transcripts. C) RT-PCR with SLC34A1 speciﬁc primers using HEK293 total RNA. Two different primer pairs for the antisense transcript were used
(Supplementary Table 1). D) Representation of RNA-Seq data from human protein atlas.
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Pfn3 promoter and this gene is only found in mammals and marsu-
pials. Antisense transcripts complementary to Slc34a2 from
zebraﬁsh are thought to be driven by the bi-directional Rbpja pro-
moter. The NAT-relevant promoter in winter ﬂounder has not been
deﬁned [19]. The arrangement of genes around ﬂounder Slc34a2 sug-
gests that the antisense transcript is either an alternatively spliced
Sel1L3 product or derives from an undeﬁned promoter between
Slc34a2 and Sel1L3. The apparently rather random emergence of
the Slc34a antisense transcripts in contrast to the well-conserved
sense transcript and the established physiological role of the related
transport proteins implies that the sense and antisense transcripts
follow distinct evolutionary agendas. Speciﬁcally, phosphate is es-
sential for growth and its levels are tightly regulated, in vertebrates
by hormonally controlled expression of Slc34a encoded proteins. At
any point, testis is neither directly nor indirectly involved in main-
taining phosphate homeostasis. This ﬁnding raises two questions;
ﬁrst, if the antisense transcripts is unlikely to modulate the physio-
logical functioning of the sense encoded protein, what else does it
do; and second, to which extend is the situation in Slc34a relevant
to other bi-directionally transcribed genes?3.3. Conservation of bi-directionally transcribed loci
The expression pattern as well as mechanistic considerations can
provide clues to identify putative biological functions of sense and anti-
sense transcript pairs. There are a number of mechanisms relating to
natural antisense transcripts and particularly double-stranded RNA
which have been discussed extensively and reviewed in detail [23,24].
RNA editing, RNA interference and RNA masking involve dsRNA inter-
mediates whereas transcriptional interference and chromatin changes
may not require RNA-RNA pairing.We selected 10 bi-directionally tran-
scribed loci that were previously characterized in detail and collected a
number of coordinates frompublic databases including coding potential
of the transcripts, expression patterns and phylogenetic conservation
(Table 1). The selection is rather small because investigations into the
mechanism of gene regulation by NATs in animals are limited. Never-
theless, the data conﬁrm published ﬁndings that NATs are generally
expressed at a low level poorly conserved. The observation that only
one of 14 antisense transcripts is structurally conserved (intron/exon
structure, not just antisense transcription per se) suggests that the over-
all structure of these transcripts is not essential for a potential biological
function. All the reports that included mechanistic studies found
Fig. 2. Phylogenetic tree of Slc34A genes of Na-phosphate transporters. A) Phylogenetic tree with the number of isoforms indicated. B) The tree isoforms of mammalian Slc34A, Slc34A1
(peach), Slc34A2 (yellow) and Slc34A3 (green), and the genes downstream that are relevant to potential antisense transcription. Slc34A isoforms including the downstream genes with
conﬁrmed expression of antisense transcripts are in red.
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those who did not, found either no exonic complementarity within the
locus (RUNX2/SUPT3H) or did not investigate the question. Moreover,
the expression proﬁle of the various transcripts suggested an accumula-
tion of lowly expressed NATs in testis. The importance of a dsRNA inter-
mediates is corroborated by a recent report that detected signiﬁcant
levels of sense-antisense hybrids in human cells [12].
In order to test the importance of dsRNA formation at a medium
scale we compiled a random list of 226 human bi-directionally tran-
scribed genes. The only requirement was complementarity of 20 or
more base pairs of the primary transcripts. These transcripts were
then catalogued with respect to their genomic arrangement, exonic
complementarity and expression pattern (Supplementary Table 2). As
demonstrated in Fig. 3B, natural antisense transcripts were found to
be predominantly non-protein-coding (72.6%, compare column 1 and
column 3). The genomic arrangement showed approximately equal
proportions of 3′, mid and 5′ overlapping antisense transcripts (Fig.
3C). The proportion of antisense transcripts with exonic complementar-
ity (NATs) to purely intronic transcripts (NOTs) was about 2:1 (62%/
38%). Complementarity between sense and antisense transcripts was
predominantly found at the 5′ and the 3′ end of genes (ﬁrst and last
exon, respectively), whereas antisense transcripts embedded within
the sense encoding gene tend to be non-overlapping (NOTs) (Fig. 3C,
compare columns 1 and 2). Ourﬁndings are in linewith previously pub-
lished large scale assessments of the human antisense transcriptome
[3].
We then assessed the phylogenetic conversation of the human loci
in mouse and compiled the same set of parameters (genomic arrange-
ment and expression pattern). Synteny was found for all but one locus
(MMP26) andmost of the (sense) transcripts show a similar expression
levels in both human and mouse (Fig. 3A, r = 0.851 in Supplementary
Fig. 1). In contrast, antisense transcript expression was neither correlat-
ed between human and mice nor in relation to the cognate sense tran-
scripts (Supplementary Fig. 1). Only 50% (113) of the syntenic mouse
loci showed evidence of bi-directional transcription (Fig. 3B, columns
3 and 4). As expected, protein coding antisense transcripts were more
likely to be conserved (91.9% protein coding versus 34.1% non-protein
coding, respectively, Fig. 3B, columns 3 and 4), particularly at the 5′
and 3′ end of genes: 58.5 and 63.7% versus 32.6%mid gene (Fig. 3C, col-
umns 3 and 4).When the genomic organisationwas taken into account,
only 37 (33%) antisense transcripts displayed comparable features (ex-
onic complementarity/location of the antisense transcript relative to thesense transcript) between mouse and human. The summarized expres-
sion pattern in brain/testis/other tissues of the transcriptswas compara-
ble between mouse and human and, for both species antisense
transcripts were enriched in testis (Fig. 4A).
The signiﬁcant expression of antisense transcripts in testis points to
a biological function of – at least some – antisense transcripts that is not
directly related to the sense encoded protein function. Our results also
conﬁrm previous reports that NATs are structurally not well conserved
between species [25].
3.4. Antisense transcripts on the X chromosome
In an evolutionary context, bi-directionally transcribed genes on
human andmurine X chromosomes are of particular interest: Transpos-
able elements, which drive the evolution of new genetic elements and
are also linked to the emergence of antisense transcripts [26] are signif-
icantly enriched on mammalian sex chromosomes [27]. Despite the
high transposon density the mammalian X chromosome show a signif-
icant reduction in NATs as compared to the density on autosomes [3,4].
We argued that evolutionary conservation of a complementary gene ar-
rangement on the X chromosome (where antisense transcripts are neg-
atively selected) would provide support for a regulatory impact of the
antisense transcript on the sense-encoded protein function. We
catalogued bi-directionally transcribed loci on both human and mouse
X chromosome as described above. We found 133 (16.1% of X-linked
genes) bi-directionally transcribed loci in human and 93 (9.9% of X-
linked genes) in mouse, respectively. These ﬁndings conﬁrm the previ-
ously reported bias against complementary transcripts on mammalian
X chromosomes. Interestingly, the expression pattern of sense tran-
scripts was comparable to autosomal genes in both human and mice;
X-encoded antisense transcripts, however, showed a tendency against
expression in testis (contrary to autosomal encoded NATs, Fig. 4B).
Synteny was detected for about 90% of the bi-directionally transcribed
loci in both human-mouse (83.5%) and mouse-human direction
(91.4%; Fig. 5A, compare the sum of the upper two panels with the bot-
tom panel), which is lower than the almost complete (N99.5%) synteny
of autosomal genes. Bi-allelic transcriptionwas conserved in 42 loci (Fig.
5A, top) 68 loci are speciﬁc to human, 43 to mouse (Fig. 5A, middle
panel). In human, the proportion of non-protein coding to coding anti-
sense transcripts was 35.8%, in mouse 51.4% respectively (sum of grey
bar areas in Fig. 5A). Analysis of the genomic arrangement revealed a
clear bias of complementarity between sense and antisense at the 3′
Table 1
Compilation of well-studied bi-directionally transcribed genes. Peach-coloured transcripts sion levels and patterns are deduced from the EBI expression atlas
(http://www.ebi.ac.uk/gxa/home). The proposed mechanism is informed by the indicate
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Fig. 4. Schematic expression pattern of sense and antisense transcripts in humanandmice.
Expression data of individual genes was extracted from the gene expression atlas (http://
www.ebi.ac.uk/gxa/home), scored and grouped into brain, testis and other tissues. A)
Genes on autosomes including sense and antisense transcripts, B) Bi-directional X-
chromosomal genes of human and mice.
61M.J. Piatek et al. / Genomics 108 (2016) 56–63chromosome inactivation (37, 3.9%) and only 4 were found to be bi-di-
rectional and escapee, too few to warrant conclusions.
In summary, our ﬁndings point to selective beneﬁts to retain anti-
sense transcripts but also frequent novel incidences of bi-directional
transcription in human andmouse lineages [29]. Moreover, the reduced
number of bi-directionally transcribed genes on X chromosomes show
lesser conservation than autosomal loci (31.6% vs. 50%).4. Discussion
The scope of natural antisense transcripts is still largely speculative
and often indirect evidence such as phylogenetic conservation is used
to underpin biological relevance. The task of investigating functionality
of NATs is also hampered by the fact that experimental up- or down reg-
ulation of either transcript of a sense-antisense pair will almost inevita-
bly interfere with the expression of the counterpart. Therefore, such
experiments need to be very carefully controlled and interpreted.
The cloning of a human antisense transcript of the SLC34A1/PFN3
locus thatwe report in this paper highlights another difﬁculty in the ‘an-
tisense’ ﬁeld: Despite ever increasing sequencing depth, the annotation
of the antisense transcriptome is still incomplete. The generally low ex-
pression of antisense transcripts certainly exacerbates the problem. The
material used for RNA extraction is another important factor to be con-
sidered; antisense transcripts are predominantly expressed in testis and
systematic assessment of bi-directional genes should involve this tissue
[30]. Moreover, unless the experimental strategy is aimed at maintain-
ing strand speciﬁcity the bioinformatic assessment of RNA-seq data
will have a bias against antisense transcripts because antisense reads
are undiscernible from reverse transcription artefacts and DNA
contamination.We report the cloning of an alternative splice product of PFN3 that is
complementary to the last exon of SLC34A1. Since the two transcripts
show a non-overlapping expression pattern, the sense transcript is al-
most exclusively expressed in kidney whereas the antisense transcript
is found in testis, it is unlikely that the latter contributes to the physio-
logical regulation of the Na-phosphate transporter and hence helps
maintaining acute phosphate balance. It could, however, be involved
in setting chromatin marks in kidney but also during sperm develop-
ment. We have recently proposed a mechanism based on double
stranded RNA formation and endo-siRNA processing in a perspective
paper that may explain how epigenetic modiﬁcations can be targeted
either to the sense or the antisense strand [31]. In that respect it is in-
triguing, that the kidney cell line HEK293 expresses the antisense tran-
script but lacks the message for the transporter.
SLC34A-encoded transporters play a central role in maintaining
phosphate homeostasis in most animals as demonstrated in various an-
imal models and knock-out experiments [32]. Accordingly, SLC34A iso-
forms from various species have been functionally assessed and
shown to have adapted to speciﬁc physiologic/environmental con-
straints [33]. Bi-directional transcription has been detected in some iso-
forms but not in others; moreover, there is heterogeneity with respect
to the phylogeny of SLC34A-related antisense transcripts: In ﬁsh they
are driven by a bi-directional (Rbpja) promoter and in mammals they
represent a read-through transcript of Pfn3. The unrelated occurrence
of NATs in two different SLC34A isoforms suggests that the transcripts
are unlikely to contribute to the acute regulation of Na-phosphate trans-
porters. In general, the tissue expression of homologous (protein-cod-
ing) sense transcripts is well conserved between human and mouse
but not so much the expression pattern of the cognate antisense tran-
scripts (Fig. 3A. Supplementary Fig. 1, Supplementary Table 2). This ob-
servation provides additional support to the hypothesis that many
antisense transcripts are not involved in the acute physiological regula-
tion of the sense transcript.
The phylogenetic conservation of bi-directional loci between human
andmouse has been investigated by otherswith comparable results [34,
35]. The ﬁgures crucially depend on the speciﬁc parameters to identify
and categorize natural antisense transcripts but also on sequencing
depth and annotation. The current deﬁcit ofmechanistic insights further
complicates a comparative evaluation of antisense transcription.We fo-
cused on transcripts with at least 20 nucleotides of complementarity
and only included protein coding and non-protein coding processed
transcripts but excluded pseudogenes. Bi-directional transcription was
conserved between human and mouse in about half of all investigated
genes, in good agreement with other reports. Likewise, 3′ and 5′
complementary transcripts were better conserved than intronic, non-
overlapping transcripts (NOTs). The slightly enhanced phylogenetic sta-
bility of complementary sense-antisense arrangements suggest that
double-stranded RNA formation may represent an essential intermedi-
ate in an antisense mediated regulatory mechanism, a hypothesis that
receives support from recently publishedmechanistic studies (Table 1).
The under-representation of antisense transcripts and overlapping
gene arrangements becomes immediately apparent upon visual inspec-
tion of an annotated X chromosome in a genome browser [3,4]. Com-
prehensive analysis revealed a slightly higher percentage of bi-
directional loci on the human than the mouse X chromosome. The con-
servation of X-encoded antisense loci was slightly lower as compared to
genes on autosomes (human→ mouse 32.6%, mouse→ human 45.7%
versus 50% human→mouse on autosomes), this may reﬂect a slightly
accelerated evolution of the X chromosome as compared to autosomes
[36].
X chromosome inactivation in human and mouse show signiﬁcant
mechanistic differences that also result in a signiﬁcantly higher number
of human genes that escape silencing as compared tomouse [37]. Inter-
estingly, we found a signiﬁcant overlap between X inactivation escape
and complementary antisense transcripts in human (potentially
forming sense-antisense RNA hybrids). In mouse, numbers were too
Fig. 5. Natural antisense transcripts on X chromosomes of human and mouse. A) Phylogenetic conservation of sense and antisense transcripts. Top panel, conserved bi-directional locus
between human andmouse;middle panel, locus conserved but no antisense transcript in the other species; homologue in the other species. Light peach indicates protein coding potential,
S= sense, AS= antisense. The nature of synteny is described in the grey boxes. B) Comparison of the genomic arrangement of bi-directionally transcribed genes on the X chromosome of
human and mouse. 3′, mid and 5′ indicates the position of complementarity between sense and antisense transcript. NAT stands for an antisense transcript with complementarity to the
sense RNA; NOT indicates a non-overlapping conﬁguration. C) Natural antisense transcripts in regions that escape X chromosome inactivation. Upper panel indicates areas with relaxed
inactivation, the red bars on the lower panel depict the bi-directionally transcribed human genes.
62 M.J. Piatek et al. / Genomics 108 (2016) 56–63low to draw signiﬁcant conclusions. These ﬁndings suggest that anti-
sense transcription carries the potential of inducing transcriptional si-
lencing which is potentially detrimental for already monoallelically
expressed (X chromosomal) gene [38].
5. Conclusions
We have identiﬁed a novel antisense transcript complementary to
the human SLC34A1 gene. Expression pattern of the sense and antisense
transcripts argue against an involvement of the antisense RNA in the
acute regulation of the sense encoded Na-phosphate transporter. Com-
parative studies between human and mouse bi-directionally tran-
scribed loci indicate generally limited conservation of antisense
transcripts.Moreover, one of potentialmechanisms involves dsRNA for-
mation that may lead to the establishment of an epigenetic signature
and potentially transcriptional gene silencing [38,39].
Comparative studies between human andmouse have revealed dis-
tinct expression signatures of (autosomal and X chromosomal) bi-directionally transcribed loci in testis, indicating that the expression
pattern established for Slc34a1 transcripts is not unique. The particular
importance of testis in the context of antisense-mediated gene regula-
tion is also supported by expression differences of RNA interference en-
zymes in testis and somatic tissues [40,41]. Our results did not identify a
bias in human-mouse conservation of overlapping versus non-overlap-
ping sense-antisense transcripts; hence the comparative ﬁndings do not
strengthen the argument for amechanism involving dsRNA. The various
hallmarks in genomics and expression of antisense transcripts, howev-
er, suggest tissue speciﬁc biological roles that do not necessarily relate
to the sense encoded protein function.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.ygeno.2016.05.004.Acknowledgment
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